Surface mechanical attrition treatment (SMAT) is an excellent method to get nanocrystalline and nanotwinned ultrafine crystalline steels from coarse-grained AISI 304 stainless steel. Due to their outstanding mechanical properties, they both appear to be relevant candidates for ballistic protection of marine engineering. Comparing their ballistic performance against coarse-grained steel, as well as identifying the effect of the hybridization with a carbon fiber-epoxy composite layer have been done by Jaime Frontan et al. Hybridization is proposed as a way to improve the nanocrystalline brittle properties in a similar way as is done with ceramics in other protection systems. Dur to the limit of experimental equipment, there are many results which are hardly got. In this paper, a numerical method with Johnson-Cook flow stress model, user material subroutine VUMAT and surface-based cohesive behaviour is presented.
Introduction
Fiber reinforced composites and steel are widely used together in many industries. In ship structures, there are many applications for composites, including the current and potential use in hulls and superstructures, decks, bulkheads, advanced mast systems, propellers and other equipments [1] . There are many benefits to use composites, including reductions of weight, flatness for stealth requirements, and increased resistance to corrosion. A number of ships are wholly constructed of composite sandwich consisting of foam cores and glass or carbon fiber reinforced skins. This combines high strength and rigidity with low weight, good shock resistance, low radar and magnetic signatures [2] .
Grain size refinement in metals, as achieved via cold working for some alloys [3] , is widely accepted as a way to improve many of their mechanical properties [4, 5] . The pioneering work of Gleiter [6] showed that further grain size reduction down to the nanometer range (<100 nm) may lead to exceptional properties (e.g. ultra-high strength) achievable by a wide range of materials with nanocrystalline structures such as metals and ceramics. Such improvement is related to the decreased mobility of dislocations in smaller grains, mainly due to dislocation pile-ups at grain boundaries acting as barriers, thus resulting in an increased yield stress. The decrease in grain sizes incidentally raises the volume fraction of grain boundaries, which are overwhelmingly high angle, high energy with low coherence, and drastically decreases the overall material ductility [7] . Nanoscale growth twins embedded in ultrafine crystals (500 nm < d <1l m) have be shown to fulfill this description by increasing the material strength with a decrease of twin spacing equivalent to the one observed with grain size in nanocrystals [8] [9] [10] .
Experiment and numerical simulation about the ballistic impact behavior of the high strength of nanocrystalline (nc) and nano-twinned ultrafine crystals (nt-ufc) were done by Jaime Fronta et al [11] . Moreover, the hybrid configurations contain such materials and carbon fibre reinforce composite was fabricated, and ballistic performance of this new material was presented by experiment. In Jaime Fronta et al' experiments, the results are only initial velocity, residual velocity and the failure shape. So, an effective numerical simulation is essential to obtain more details about the damage evolution.
In this paper, base on user material subroutine VUMAT, Johnson-Cook flow stress model and surface-based cohesive behaviour surface, not only the residual velocity and deformation, but the damage evolution of steel layers, composite layer and the delamination between composites and steel layer are shown in the simulation too. Because of the agreement between the simulation and experiment results, the ballistic performance of multi-layer sandwich structure is presented too.
Jaime Fronta et al's [11] Experiment
Steel. The high-frequency SMAT used here leads to the formation of austenite nanotwinned ultrafine crystals on the top layers [12] . For the sake of simplicity, the SMAT steel is referred to in the following as " nt-ufc steel " , instead of " nanotwin enriched ultrafine crystalline steel ". The " nc steel" samples were obtained by subsequently coating the nt-ufc steel samples with a nitriding layer [13] , further refining the grains to the nanoscale [14] .Nt-ufc and nc test samples were processed from 1 mm plates of coarse-grained AISI 304 stainless steel. A surface mechanical attrition treatment (SMAT) [5, [12] [13] [14] generated a gradient of ultrafine crystal grain sizes. This method is simple, relatively cheap and very flexible, as the frequency and ball size can be easily adjusted. Composites amd hybrids. The hybrid plates were processed by combining 1 mmthick steel plates with composite plates. The latter were processed from preimpregnated unidirectional fiber layers (Hexcel 8552 AS4UD), attached to the steel plates and cured in a hot-plate press (LabPro 400). The configuration of each fiber layer is 0 0 /90 0 with central symmetry. Two series of composite plates were made: one with 10 layers (2 mm) and another with 20 layers (4 mm). Table 1 shows all the sample/test series as well as their configuration as used in the impact tests. All the samples were cut to a 50 × 50 mm size.
Each series of hybrid samples is tested with impacts on both composite and steel sides, to determine the optimal configuration. In the following, we indicate the series number (1-10) with the letter " A " for steel-side impact samples and " B" for composite-side impact samples. All the ballistic tests were made using a Sabre Ballistics air/helium-propelled gas gun firing 5.55 mm tempered steel spherical projectiles inside an impact chamber. The tempered steel is hard enough to avoid deformation of the projectile, and its energy absorption can thus be neglected. The impacts were recorded with a Phantom high-speed camera. Image-processing software allowed the incident and residual velocities to be measured, using the time interval between frames (1/30,000 s) and a refer-ence length (plate length, projectile diameter, etc.).
Finite Element Model and Damage Models
Finite element model. The finite element computer software ABAQUS 6.10/Explicit was used to develop numerical simulations of the FML panels subjected to ballistic impact. The finite element model of the impact system with the details of a typical FML lay-up is illustrated in Fig. 1 The spherical shaped impactor is defined as a rigid body with diameter of 5.5 mm. To save computational 286 Advanced Composites for Marine Engineering time, the coarser mesh was employed in the out area element, In addition, critical regions in the impact area was packed with more elements in order to capture the results with some accuracy. The type of all elements is C3D8R. The nodes of all sides are encastre. Plastic deformation of 304SS. To address the response of structure to high-velocity impact, appropriate constitutive relations are required that cover the stress-strain behavior, strain-rate dependence and even temperature sensitivity. For most metals, it is well understood that a (small deformation) rate-dependent plas-tic form can be used with the assumption of isotropic hard-ening. The elastic deformation is defined by the Young's modulus E and the Poisson's ratio υ. Johnson-Cook flow stress model is used for steel layer [15] . Assuming that the loading states do not change too abruptly during deformation, one can assume that d 2 = d 3 = 0 as a first approximation [16] . The details of the calibrated parameters by Jaime Fronta et al's [11] for Johnson-Cook flow stress model are shown in Table 2 . User material subroutine VUMAT for carbon fibre reinforced layers. Hashin damage criteria which was developed in 1980 was used to simulate the damage evolution. VUMAT is used to define the mechanical constitutive behaviour of material. In this investigation, 3D Hashin failure criteria is used [17] . As shown in Table 3 , Tan's [18] method is employed in this paper. And, the property of carbon fibre reinforce layers is shown in Table 4 .
Surface-based cohesive behaviour. At the interface between the steel and the fibre reinforce layer. Surface-based cohesive behavior was employed to simulate the crack propagation. Surface-based cohesive behavior provides a simplified way to model cohesive connections with negligibly small interface thicknesses using the traction-separation constitutive model. The formulae and laws that govern surface-based cohesive are very similar to those used for cohesive elements with traction-separation behavior: linear elastic traction-separation, damage initiation criteria, and damage evolution laws. Maximum stress criterion and power law form energy evolution were employed for damage initiation criteria and damage evolution laws in our simulations [20] . Considering the property of the matrix, a summary of cohesive element material properties and references is given in Table 5 . 
Results and Discussion of Model Like Jaime Fronta et al.'s [11] Experiment
Results of the steel layers. Jaime Fronta et al's [11] test results for 1 mm thick steel plates (series 1, 4 and 5, see Table 1 ) is shown in Fig. 2 (a) . And, there is no big difference in the performance between the nc and nt-ufc. As shown in Fig. 2 (b), Fig. 2 (c) and Fig. 2 (d) , our FEM results are better agree with the test results. So, the model for steel plate is reliable.
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Results and discussion of the composite-steel plate. In Jaime Fronta et al's [11] experiments, The effect of the 2 mm composite layer added to the steel is an obvious increase in ballistic limit and energy absorption. However, a difference can a priori be expected depending on the impact side. The samples experimentally impacted on the composite side were found to present a higher-energy absorption than those impacted on steel side, The analysis of these samples shows a wider deformed circular area around the exit hole in the back steel plate, with a different failure mode, " petalling ". When this failure takes place, a star-shaped tear appears after plastic elongation, see Fig. 2 . Note that the maximum deformation before failure, measured in the direction of impact, is roughly the same as in non-hybrid steel plates. [11] experiments and our simulative results with/without surface-based cohesive behaviour
Conclusion
In this paper, ballistic performance of 304SS/SMATed 304SS and steel-composite hybrid with different 304SS steel layer is simulated and compared to Fronta et al.'s [11] experiments. Base on user material subroutine VUMAT, Johnson-Cook flow stress model and surface-based cohesive behaviour surface, not only the residual velocity, absorbed energy and the deformation in our simulation are very agree with Fronta et al.'s [11] experimental results, but the damage of steel layers, composite layer and the delamination between composites and steel layer are shown in the simulation too. After comparing the experimental and simulative results, the numerical method with surface-based cohesive behaviour is verification.
